The effect of interferon (IFN) treatment on the early stages of herpes simplex virus type 1 (HSV-1) replication in three types of human cells was investigated. Interferon pretreatment was shown to reduce the steady state levels of both total and polysomebound HSV-1 immediate early ~ mRNAs. Using the nuclear run-off transcription assay, we showed that IFN selectively inhibited transcription of the HSV-1 genes, with no effect on transcription of total cellular RNA or that of the/~-tubulin RNA. Thus, IFN appears to inhibit the initiation of HSV-1 ~ gene transcription rather than affect the stability of the respective mRNAs. IFN did not prevent the HSV-l-induced early shut-off of host cellular protein synthesis caused by a structural protein of the infecting virus. This observation indicated that the IFN-mediated inhibition of HSV-1 replication is at a stage beyond viral penetration into the cytoplasm. These results suggested that IFN blocked HSV-1 replication primarily at a very early stage, during the onset of c~ mRNA transcription. INTRODUCTION Interferon (IFN) inhibits different viruses at various stages of virus replication. For many RNA viruses, growth appears to be blocked primarily at the level of mRNA translation. Retroviruses, on the other hand, are inhibited at the level of virus assembly and release (Lengyel, 1982) . Of the DNA viruses, the effect of IFN on simian virus 40 (SV40) replication has been studied extensively and the onset of early transcription appears to be markedly inhibited (Brennan & Stark, 1983) .
INTRODUCTION
Interferon (IFN) inhibits different viruses at various stages of virus replication. For many RNA viruses, growth appears to be blocked primarily at the level of mRNA translation. Retroviruses, on the other hand, are inhibited at the level of virus assembly and release (Lengyel, 1982) . Of the DNA viruses, the effect of IFN on simian virus 40 (SV40) replication has been studied extensively and the onset of early transcription appears to be markedly inhibited (Brennan & Stark, 1983) .
The inhibition by IFN of HSV-1 growth has been demonstrated in several studies, but the stage at which IFN inhibits the replication cycle remains unclear. Mufioz & Carrasco (1984) reported no major inhibition of HSV-1 protein synthesis in IFN-treated cells, and suggested that the progeny virus produced was non-infectious. The results of Chatterjee et al. (1984 Chatterjee et al. ( , 1985 indicated that IFN acted by preventing the release of virion particles from IFN-treated cells, implying that IFN acted late in the viral replication cycle, after protein synthesis had been completed. In contrast, it has been demonstrated (Gloger & Panet, 1984) that treatment of HeLa cells with human IFN inhibited HSV-1 replication either prior to, or during, the synthesis of the immediate early c~ proteins. Reports by Domke et al. (1985 Domke et al. ( , 1986 and Straub et al. (1986) have also indicated that pretreatment of both mouse and human macrophages with low doses of IFN efficiently inhibited viral replication primarily at the level of HSV-1 immediate early • protein synthesis. The discrepancy among the various reports might be due to the different cell types or different IFN preparations used.
In the present study we investigated the effects of recombinant human IFN-~ during the early stages of HSV-1 replication, on the transcription of the immediate early ~ genes, in several types of human cells. By applying a nuclear run-off transcription assay, we demonstrated that pretreatment with IFN prevented HSV-1 replication, acting primarily at the initiation of transcription.
To prepare filters for hybridization with 32P-labelled RNA from run-off transcription experiments, plasmid DNAs were linearized by digestion with restriction enzymes, denatured with 0.2 M-NaOH for 30 min and neutralized with 6 x SSC (Greenberg & Ziff, 1984) . DNA samples were spotted onto nitrocellulose filters (5 ~tg/slot) using a slot blot apparatus.
Determination of virus-induced cellular protein shut-off. HeLa cells (50000) and SH diploid fibroblasts (20000), seeded in 24-well dishes, were infected with HSV-1 at increasing multiplicities in the presence of actinomycin D (2-5 ~tg/ml). At 3 to 4 h post infection (p.i.), the cells were pulse-labelled with [3H]leucine (4 ~tCi/ml) in leucine-free MEM, and the incorporation of [3H]leucine into TCA-insoluble material was determined .
RESULTS

Inhibition of HSV-1 DNA polymerase by IFN
Several studies using a variety of cell lines have indicated that the replication of HSV-1 is inhibited by IFN, as determined by the plaque reduction assay (Cayley et al., 1984; Domke et al., 1985; Gloger & Panet, 1984; Panet & Falk, 1983) . Although the different cells varied in their sensitivity to IFN, the level of HSV-I inhibition was 10-to 100-fold. As shown previously for HSV-l-infected mouse L cells, IFN suppressed the synthesis of the early/~ proteins, TK and DNA polymerase (Panet & Falk, 1983) . Furthermore, in HeLa cells, the induction of both HSV-1 immediate early ~ and early/~ proteins was inhibited by pretreatment of the cells with IFN (Gloger & Panet, 1984) .
High concentrations of IFN were required, however, to suppress significantly the protein synthesis of HSV-1 as compared to other virus groups. This made study of the mechanisms responsible for HSV-1 inhibition by IFN relatively difficult. It was therefore of interest to determine whether there exist other human cells more sensitive to IFN's effect on HSV-1. Several established human cell lines, as well as diploid cell cultures of low passage number, were pretreated with increasing concentrations of IFN, and infected with HSV-1. Five h after infection, the cells were harvested, extracts were prepared, and HSV-1 DNA polymerase activity was assayed. We found that different cell cultures exhibited varying levels of sensitivity to the IFN-mediated inhibition of DNA polymerase induction. From the range of cultures tested, the SH diploid fibroblasts (Fig. 1 a) and HEp-2 cell line ( Fig. 1 b) were found to be significantly more sensitive to IFN than HeLa cells upon virus infection. Whereas IFN, at the maximum dose of 3200 units/ml caused less than 40~o inhibition of HSV-1 DNA polymerase induction in HeLa cells, 50 ~ inhibition was attained at 400 units/ml and 250 units/m1 for HEp-2 and SH diploid fibroblast cells respectively. It should be noted that HSV-1 replicates efficiently in all three cell types. However, higher multiplicities of HSV-1 were necessary for the infection of SH cells, as compared to HeLa and HEp-2 cells, to reach the same degree of virus replication, as indicated by DNA polymerase induction. This phenomenon may be attributed either to the fact that the HSV-1 used in these experiments had been propagated in HeLa cells or to an inherited difference of cell sensitivities to HSV-1.
Effect of IFN on the infection of SH diploid fibroblasts by EMC virus and HSV-1
Previous studies have shown that for most of the standard cell lines used in IFN research HSV-1 replication exhibited a much lower sensitivity to IFN relative to the RNA viruses such as EMC virus (Cayley et al., 1984; Panet & Falk, 1983) . Since the replication of HSV-1 seems to be very sensitive to IFN in SH diploid fibroblasts, we compared the effect of IFN on HSV-1 and EMC virus protein synthesis in these cells (Fig. 2) .
For the SH diploid fibroblasts, the same concentration of IFN provided a similar degree of inhibition of both HSV-I and EMC virus proteins. As illustrated in Fig. 2 , a relatively low concentration of IFN (100 units/ml) is sufficient to inhibit significantly the synthesis of the EMC viral proteins ~, F and y (compare lanes 1 and 2), and the HSV-1 proteins ICP-6, ICP-8, ICP-10 and ICP-25 (compare lanes 4 and 5). IFN at 800 units/ml caused an even stronger inhibition, but again a comparable reduction of protein synthesis was observed for both of these viruses (lanes 3 and 6). It should be noted that many HSV-1 proteins are induced 6 h p.i., but only four major proteins were characterized (Fig. 3) .
Cellular protein synthesis, as indicated by the major cellular protein (C) of Mr 45 000 was only slightly affected after EMC virus infection (compare lanes M and 1), in accordance with (Gloger & Panet, 1984; Purifoy & Benyesh-Melnick, 1975) . The protein content of cell extracts were determined according to Lowry et al. (1951) and were found to be unaffected by the IFN pretreatment. Results are given as a percentage of DNA polymerase activity of control cultures not treated with IFN. DNA polymerase activity in the control cell extracts (100%) represented for HeLa and HEp-2 incorporation of 80000 and 36000 c.p.m, respectively (a) and for HeLa and SH diploid fibroblasts incorporation of 40000 and 24000 c.p.m, respectively (b). Fig. 2 . Effect of lFN on EMC virus and HSV-1 protein synthesis. SH diploid fibroblasts (100000 cells) were plated in 60 mm dishes and after 24 h were either left untreated (lanes M, 1 and 4), or treated for an additional 24 h with IFN at 100 units/ml (lanes 2 and 5) and 800 units/ml (lanes 3 and 6). Cells were infected with either EMC virus at an m.o.i, of 10 (lanes 1 to 3) or HSV-1 at an m.o.i, of 50 (lanes 4 to 6), At 5 to 6 h p.i. cultures were pulse-labelled with [3sS]methionine, harvested, and the extracts subjected to gel electrophoresis (Methods). Equal amounts of radioactive material were loaded in each slot.
previous observations (Jen et al., 1980) . Thus, pretreatment with I F N selectively inhibited viral protein synthesis (lanes 2 and 3). Infection with HSV-1 resulted in a partial shut-off of cellular protein synthesis (Read & Frenkel, 1983) , and consequently the selectivity of I F N action is less pronounced. ( C o m p a r e protein C in lanes M, 4, 5 and 6.)
In similar experiments conducted with H E p -2 cells, comparable results were obtained (data not presented). W i t h this cell line, I F N at 200 units/ml was sufficient to inhibit strongly both E M C and HSV-1 viral protein synthesis.
Effect o f l F N on HSV-1 ~ m R N A s
Previous work had indicated that I F N blocked the translation of a proteins ICP-4 and ICP-0 (Gloger & Panet, 1984) . To determine what effect I F N has on the steady state levels of HSV-1 mRNAs, cytoplasmic R N A was isolated at 3 h p.i. from IFN-treated and control SH diploid fibroblast cells. Northern blot analysis was performed on equal amounts of R N A using the pSG1-ES1 (Fig. 3a) and pSG1-EK1 (Fig. 3b) (Fig. 3 a, compare lanes 1 and 2) and ICP-4 m R N A s (Fig. 3b, compare lanes 1 and 2) . We next investigated the possibility that the reduction in the steady state levels of HSV-I m R N A in IFN-treated cells was due to a preferential inhibition in the binding of viral m R N A to polysomes, thereby reducing m R N A stability. As polysome fractions could not be prepared reproducibly from SH diploid fibroblasts, we performed these experiments with infected HeLa cells. Northern blot hybridizations using the pSG1-ES1 probe (Fig. 4a) and the pSG1-EK1 probe (Fig. 4b) were done on total m R N A fractions (lanes 1 and 2) as well as on polysome-bound m R N A (lanes 3 and 4) . It is evident that I F N inhibited the polysome-bound ICP-4 and ICP-0 m R N A s to the same extent as it did the total steady state m R N A levels. As the ratio of the total to polysomal m R N A remained constant for IFN-treated and control cells, it appears that I F N does not affect the distribution between free and polysome-bound ~ m R N A s in the cytoplasm. 
Effect o f l F N on ct m R N A transcription rates
The reduction in steady state levels of ct m R N A s may be a result either of the effect of I F N on the rate of transcription or on the stability of the mRNAs. To investigate the effect of I F N on the initiation of ct m R N A transcription more directly, we employed the HSV-1 nuclear run-off assay (Godowski & Knipe, 1986; Weinheimer & McKnight, 1987) . For this in vitro system, nuclei were isolated from infected cells and incubated with nucleoside triphosphates and [0c-32p]UTP. This reaction permits the engaged R N A polymerase molecules to elongate nascent transcripts. The radioactive material was purified and equal amounts of TCA-precipitable radioactive material from each R N A sample were hybridized to HSV-1 D N A fragments that had been bound to nitrocellulose filters. The amount of radiolabelled R N A hybridized with each viral probe is a measure of the number of R N A polymerase II molecules that were transcribing each gene at the time the nuclei were isolated. Therefore, this assay provides a direct measure of the effect of I F N on the rate of transcription.
Because the SH diploid fibroblasts did not produce efficient transcription with this assay, we have developed a run-off transcription assay with HEp-2 cells. Nuclei isolated from IFN-treated HEp-2 cells 6 h p.i. showed a striking decrease in transcription of the three HSV-1 genes tested, ICP-0, ICP-4 and T K (Fig. 5 ), but total synthesis of R N A was not affected. To analyse whether the effect of I F N was specific for HSV-1 gene transcription, we used a probe for a cellular gene, fl-tubulin. Over-exposure of the autoradiogram was necessary to visualize hybridization to the human fl-tubulin gene clearly. I F N had no effect on the transcription of the fl-tubulin gene in the same nuclei, indicating that it is involved in preferentially blocking viral gene transcription. It is possible that the run-off transcription of at genes observed at middle and late times of the infectious cycle does not accurately reflect authentic transcription (Godowski & Knipe, 1986; Weinheimer & McKnight, 1987) . We therefore repeated the run-off transcription assay at 3 h p.i. using D N A plasmids to probe more specifically for each of the two ct m R N A transcripts (Fig. 6) . In this experiment, at both 3 and 6 h p.i. the transcription of the ICP-0, ICP-4 and T K genes was significantly reduced upon I F N pretreatment. These results clearly demonstrate the involvement of I F N at the level of the initiation of transcription of HSV-1 ct mRNAs. In the experiment presented in Fig. 6 , although the transcription of the fl-tubulin gene could be detected only after longer exposures, it was again found to be unaffected by I F N pretreatment (not shown). To verify the specificity of the hybridization we included in the slot blot, as a negative control, pMuLV-LTR (Honigman & Panet, 1983) . No hybridization to the pMuLV-LTR D N A was observed in any system even after long exposures of the autoradiogram. Furthermore, no hybridization was detected with 32p-labelled R N A of nuclei from uninfected cells. Two inconsistencies were observed in the run-off transcription experiments 6 h p.i.; firstly, gene expression was high at 6 p.i. although synthesis of the corresponding ct proteins is known to decrease during this period, and secondly, TK gene transcription at 6 h appears lower than that of the 0t genes. Both phenomena have been previously described for the HSV-1 run-off transcription system (Weinheimer & McKnight, 1987) . cessation of cellular protein synthesis (Read & Frenkel, 1983; Schek & Bachenheimer, 1985 leucine incorporation with increasing multiplicities of infection, and IFN (100 units/ml) had no effect on this decline. Similarly, IFN (2000 units/ml) did not prevent the virus-induced shut-off of HeLa cell protein synthesis (Fig. 7b) . On infecting HEp-2 cells with the same virus multiplicities as for HeLa cells, a similar pattern of HSV-l-induced shut-offwas attained. Again, IFN did not alter the pattern (data not presented). In parallel to these experiments, cells not treated with actinomycin D were assayed for HSV-1 DNA polymerase induction, to verify that the cells were sensitive to IFN at the multiplicities of HSV-1 tested. With all cell lines there was a significant inhibition of DNA polymerase induction after IFN treatment at all multiplicities of infection (see also Fig. 1 ). In agreement with the results shown in Fig. 1 , higher multiplicities of HSV-I were required for the diploid fibroblasts to attain the same degree of infection and virus-induced shut-off as HeLa and HEp-2 cells. These results indicate that IFN does not prevent the HSV-l-induced shut-off of host cell protein synthesis, and therefore suggest that the IFN-mediated inhibition of HSV-1 replication is at a stage beyond virion penetration.
Effect of lFN on the HSV-l-induced shut-off of host protein synthesis
DISCUSSION
Using the nuclear run-off transcription assay, we have demonstrated in the present work that IFN inhibits the onset of transcription of HSV-1 immediate early ct gene. The inhibition appears to be specific, as total incorporation of [szP]UMP into RNA was not affected in the nuclei of IFN-pretreated cells. Moreover, although both the cellular gene fl-tubulin and the HSV-1 ce genes are transcribed by the same cellular RNA polymerase II (Spear & Roizman, 1980) , inhibition was specific to the viral genes. This finding indicates that the reduced steady state levels of ct mRNAs in IFN-treated cells is due to a block in synthesis rather than enhanced degradation of viral mRNA. As polysome-bound and total steady state ~ mRNAs were reduced to the same extent in the IFN-treated cells, it appeared that the binding of mRNA to ribosomes for the initiation of protein synthesis was not inhibited.
All of these data suggest, therefore, that the inhibition of synthesis of c~ proteins observed in IFN-treated cells (Domke et al., 1986; Gloger & Panet, 1984; Straub et al., 1986 ) is a consequence of an earlier inhibition at the transcription level. This early block is likely to affect all subsequent classes, fl and ~, mRNAs, whose transcription is dependent upon functional proteins (Honess & Roizman, 1975) . These observations do not, however, preclude the possibility that, in addition to the early block, IFN independently suppresses later stages of HSV-1 replication, thus augmenting the final inhibition of virus yield.
It is of interest to compare the effects of IFN on HSV-1 to that on SV40. Infection of IFNpretreated monkey cells with SV40 resulted in the inhibition of viral early mRNA production, which affected all subsequent steps of virus replication (Brennan & Stark, 1983) . Although not shown directly, it has been suggested that the onset of SV40 early gene transcription from partially uncoated SV40 virions is specifically inhibited in cells pretreated with IFN. Application of the run-off transcription assay to the SV40 system should resolve whether, like HSV-1, initiation of transcription is inhibited. Recently, Belkowski & Sen (1987) have provided evidence that the replication of VSV, a negative strand RNA virus, is also inhibited by IFN at the level of primary mRNA synthesis. This transcription is catalysed, however, by the RNAdependent RNA polymerase introduced by the infecting virions. The common feature of infection by the three viruses HSV-1, SV40 and VSV is that primary transcription precedes translation as the first step of replication. The nature of the cellular repressors, induced in the interferon-treated cells to bring about specific inhibition of the onset of early transcription of these viruses, is not known. It is possible that uncoating of HSV-1 virions is inhibited in the IFN-treated cells, and therefore access for RNA polymerase II to the viral genome is limited. This proposed mode of IFN action would also explain the selective inhibition of HSV-1 c~ gene transcription in the infected cell.
Another stage which remains to be investigated is the effect of IFN on Vmw65, a virionassociated f17 polypeptide which specifically trans-activates c~ gene expression by stimulating c~ gene promoters (Campbell et al., 1984; O'Hare & Hayward, 1984) . It is possible that the IFNinduced reduction of c~ mRNA transcription may be a direct consequence of the interaction between the IFN-induced system and the Vmw65 viral protein.
Previous studies were contradictory with respect to the pattern of HSV-1 inhibition by IFN (Chatterjee et al., 1985; Domke et al., 1986; Gloger & Panet, 1984; Straub et al., 1986) . The different cells used in these studies varied in their sensitivity to IFN, and to HSV-1 infection, two parameters which might have affected the results. In an attempt to reconcile these data, we have compared the effect of IFN on the replication of HSV-1 in three human cell lines. Although the cells, HeLa, HEp-2 and SH diploid fibroblasts, showed comparable responses to the anti-EMC virus activity of IFN, they varied in their sensitivity to the anti-HSV-1 activity. Nevertheless, pretreatment with IFN resulted in the inhibition ofc~ mRNA accumulation and gene induction in the three lines. These results suggest that, despite the variation in their sensitivities to IFN, the mechanism of IFN action against HSV-1 is identical for the different cells.
